This paper addresses the design, simulation, manufacturing, and experimental test of textile dipole antennas based on advanced embroidery techniques. The proposed dipoles are intended to operate at the 2.45 GHz industrial scientific and medical radio band for wireless body area network applications. Two medium stitch density embroidery patterns have been studied, satin fill and contour fill, implemented according to the ISO 4915:1991 301 stitch type standard. The impact and viability of these embroidery techniques over the dipole performance in cotton and felt textile substrates are reported. Test results confirm notable antenna parameter results in terms of return loss, radiation pattern, realized gain, and efficiency. In particular, contour pattern has been revealed as the best embroidery manufacturing technique in terms of quality factor and losses, whereas the satin pattern fits the resonance frequency of the antenna with a higher degree of accuracy.
Textile antennas are becoming a key component to be integrated in current and future electronic systems implemented in smart garments. The integration of body-worn antennas is essential for wireless body area network (WBAN) applications by guaranteeing the wearability (user comfort) and system reliability. 1, 2 In order to improve the wearable antenna performance, it is essential to evaluate the dielectric properties of the substrate textile materials and the conductivity of the yarns, and to optimize the manufacturing techniques. 3 Typically, low dielectric constant (" r ) substrate textile materials are preferred to minimize surface waves and improve the antenna bandwidth. However, there is a tradeoff with regard to the antenna dimensions (increased for lower " r ). Embroidery is the most advanced integration technique for electronic textile substrates, because embroidery machines allow repeatability, mass production of garments, and customized designs in terms of thread distribution with a resolution in the order of 1 mm. 4 Several works have focused on the fabrication parameters of patch embroidered antennas and vias for on-body applications. 5, 6 or the improvement in the geometrical accuracy of textile antennas. 7 In addition, textile dipole antennas have been proposed for FM broadcast reception, 8 WBAN communication, 9 ,10 mobile platforms, 11 and radiofrequency identification (RFID) technology. 12 In this work two embroidery techniques have been applied to implement cotton and felt substrate dipole antennas operating at the 2.45 GHz industrial scientific and medical (ISM) radio band. Specifically, satin fill and contour fill stitch patterns have been selected and compared, with a similar embroidery stitch density. The proposed antennas have been simulated by means of the commercial full 3D electromagnetic CST Microwave Studio 2017 and tested to assess the embroidery techniques' impact in terms of their performance for return loss, radiation pattern, gain, and efficiency.
The remainder of the paper is organized as follows. The next section describes the antenna dipole design as well as the different embroidery techniques under analysis in cotton and felt textile substrates. Subsequently, the embroidered dipole simulation and measurement results are presented and discussed. Finally, the main conclusions obtained in this paper are presented.
Dipole design and embroidering techniques
In order to implement the dipole antennas under test (AUT), two different substrate textiles with completely different physical structures have been considered. Figure 1 shows the appearance of each of the fabric faces by means of a scanning electron micrograph.
The dipole design, as well as the geometric parameters, are depicted and detailed in Figure 2 . The dipole metal was chosen as a homogeneous uniform (constant thickness) perfect electric conductor resonating at /2 (f ¼ 2.45 GHz), thus corresponding to a half-wavelength dipole. This approximation reduces dramatically the simulation time of the structures and is a good approximation as a first textile antenna design attempt. In order to minimize the parameters for comparison between both fabrics, all the AUT dimensions have been selected as equal, except the dipole arm length, d L . This is due to the different dielectric constant between cotton and felt. Nevertheless, since this difference is relatively small, the resonance frequency at the ISM radio band will be achieved with similar dipole lengths. The AUT metal width is equal to d W ¼ 2 mm and the overall dipole length (2d L + d S ) is equal to 51 mm for cotton and 51.4 mm for felt. The total simulated sample requires an antenna area of 20 Â 60 mm 2 in both cases. A differential feeding port has been designed to achieve a 50 V matching condition between the dipole input pins. The final dipole arm's length has been computed by means of parameter sweep tuning in order to achieve the exact operation frequency of 2.45 GHz. The final simulation setup requires 41,344 mesh cells and takes less than 2 min of simulation time to reach the different results, including return loss behavior, field and current density distribution, 3D far-field radiation pattern computation, and antenna parameters.
A Singer Futura XL-550 embroidery machine (Singer, United States) was used to manufacture the antenna dipoles (Figure 3(a) ). The used stitch type corresponds to the ISO 4915:1991 301 standard. 13 In this case, the stitch is formed by a needle thread passing through the material and interlocking with a bobbin thread. Threads meet in the center of the seam. Stitches appear the same on the top and the bottom. Two embroidery techniques have been implemented. First, a satin fill pattern (Figure 3(b) ). This pattern is well-suited to narrow columns and shapes and was selected because it fits the dipole geometry accurately. The stitch spacing corresponds to the distance between two needle penetrations on the same side of a column. For narrow columns, stitches are tight, thus requiring fewer stitches to cover the fabric. In areas with very narrow columns, less dense stitches are required because too many needle penetrations can damage the textile sample. The larger the spacing between stitches, the lower the density. Second, a standard contour fill pattern was considered ( Figure  3(c) ). This embroidery technique consists of a curved fill stitch type following the contours of a shape. It creates a sense of movement in contrast to flatter fills such as satin. Standard contour fill creates rows of stitches across the dipole shape. The number of stitch lines is constant, therefore the stitching is denser for narrower antenna geometries. For the AUTs, the selected conductor yarn corresponds to a commercial Shieldex Plated Nylon 66 Yarn 117/17 dtex two-ply (Shieldex U.S., Palmyra, NY, United States), and is composed of 99% pure silverplated nylon yarn 140/17 dtex with a linear resistance <30 V/cm. Figure 4 shows the twisted morphology of the conductor yarn as well as its cross-section, showing the silver deposits.
14 To achieve adequate stitch density designs as well as moderate thread consumption, the number of stitches n has been limited. The ideal homogeneous antenna layouts have been converted to embroidery digitized designs considering a maximum limit of n ¼ 300. Table 2 summarizes the embroidery parameters. A first pattern-based satin fill of 60% stitch density, generating n ¼ 257 stitches, was used. Alternatively, the standard contour fill pattern was set to 1 mm/ 2 mm stitch spacing/length (reaching n ¼ 295 stitches). Figure 5 shows the previously detailed embroidery digitized layouts, as well as the final manufactured dipoles. Note that the embroidery machine requires connection between both sections of the dipoles in order to develop the embroidery procedure. This yarn must be removed after fabrication in order to avoid a potential short-circuit. In order to connect the SMA 50 V end launch jack connectors to the cotton and felt substrates, a CW2400 CircuitWorks conductive epoxy (Chemtronics, United States) has been used, achieving a strong mechanical bond and a good level of conductivity. Figure 6 shows similar simulated performance with regard to the proposed dipoles. The operation frequency is designed at f o ¼ 2.45 GHz and a good level of matching is achieved in free space. Return losses correspond to S11 cotton ¼ À33 dB and S11 felt ¼ À29 dB at f o . The obtained antenna bandwidth, defined at S11 ¼ À10 dB, are BW cotton ¼ 337 MHz and BW felt ¼ 364 MHz, respectively. In both cases, the surface current distribution reaches an average value in the order of 10 A/m and clearly determines a parallel direction with regard to the dipole arms distribution. This is a key fact to be taken into account with regard to the embroidery stitch patterns, as discussed in this section. Moreover, the 3D realized gain radiation pattern corresponds to the typical behavior of the /2 dipole, presenting an omnidirectional pattern and reaching maximum levels of radiation at ¼ 0 /È ¼ 0 The experimental results were obtained by means of a radio diagnostic chamber, R&S DST200 (Rohde & Schwarz, Germany), whose dimensions cover the required condition for far-field measurements at 2.45 GHz. This anechoic chamber presents a highly effective shielding >110 dB for interference-free testing in unshielded environments up to 18 GHz. In addition, a manual 3D positioner was used to measure the radiation pattern gain by considering an angle step of 15 . A microwave analyzer, N9916A FieldFox (Keysight Technologies, United States), operating as a vector network analyzer (Figure 7 ) was used to determine the corresponding S11 parameters for return loss performance and S21 for radiation pattern realized gain measurement by means of an R&S DST-B210 crosspolarized test antenna (Rohde & Schwarz, Germany).
Experimental
The measured return loss, S11, values for the embroidered dipoles are depicted in Figure 8 . A shift in the resonance frequency is observed in both cases with regard to the simulated homogeneous metal case. Specifically, the satin fill and contour fill cotton dipoles resonate at 2.53 GHz (3.3% shift versus f o ) and 2.67 GHz (9.0% shift versus f o ), respectively. In the case of felt, the satin and contour patterns resonate at 2.44 GHz (0.4% shift versus f o ) and 2.22 GHz (9.4% shift versus f o ), respectively. It can be observed that there is greater accuracy in the resonance frequency in the satin pattern case with regard to the ideal simulated case. This is due to the fact that satin is suited to the dipole geometry and specifically to the dipole arm length in comparison to contour. Moreover, other non-ideal deviation effects are produced and are justified by several potential causes: the tolerance of the embroidery manufacturing process, humidity and temperature impact on the cotton/felt effective dielectric permittivity, the non-uniformity thickness of the samples (rugosity), and the connector impact (not taken into account in the simulation). Nevertheless, all the presented experimental dipoles clearly satisfy the condition S11 < 10 dB at 2.45 GHz. Moreover, a highest quality factor is observed for the contour fill pattern, reaching an excellent return loss performance (S11 cotton ¼ À32.0 dB and S11 felt ¼ À41.3 dB). This fact is due to the parallel conducting thread direction with regard to the current flow, which reduces the losses of the dipole (Figures 6(b) and (d) ). In addition, the loss tangent of the felt dielectric implies a better performance and allows decreased S11 with regard to the cotton case. Satin fill return losses reach a good level corresponding to S11 cotton ¼ À18.3 dB and S11 felt ¼ À22.4 dB. In this case, there is a diagonal stitching direction with regard to the expected current flow and the stitch density is slightly lower than the contour fill dipole. Therefore, a certain reduction in the dipole performance is obtained, as expected.
The measured gain radiation patterns for the embroidered dipoles are shown in Figure 9 , including the comparison with the simulated ideal case at their resonant frequencies. A good agreement is observed between measurements and simulations for both cotton and felt. The experimental antenna gain and efficiency at the resonance frequency for satin fill and contour fill dipoles correspond to G cotton ¼ 0.5 dBi ( cotton ¼ 68.2%) and G cotton ¼ 0.9 dBi ( cotton ¼ 74.8%), and
respectively. The gain reduction with regard to the ideal dipole is explained by the resistance of the conductive yarn as well as the nonhomogeneous flow current along the embroidered dipole arms.
Conclusions
The issues involved in the manufacturing of satin and contour embroidered patterns applied to wearable antennas in different fabric substrates (cotton and felt) for WBAN have been studied. Accuracy during fabrication in terms of stitch density and embroidery layout resolution are key aspects for producing highquality textile substrate antennas. Reported results show a reasonable operation frequency shift of the embroidered dipoles under study compared to the ideal homogeneous case, due to the tolerance manufacturing process and experimental setup. Although both embroidery techniques guarantee the functionality of the antennas, a tradeoff between satin and contour embroidery patterns is observed. On the one hand, the satin pattern allows achieving a better resolution in terms of the resonance frequency because this embroidery pattern is suited with higher accuracy to the dipole dimensions. A maximum shift of 9% is observed for the contour case (worst case). On the other hand, the contour fill pattern allows reaching a better quality factor due to the alignment between the conducting thread direction and the current flow, minimizing the conducting losses. Even in the worst reported case, the dipole performance is acceptable (S11 cotton ¼ À18.3 dB; G cotton ¼ 0.5 dBi; cotton ¼ 68.2% for satin pattern in cotton). The fabric material losses are also a factor to be taken into account. In fact, the felt fabric dipole with contour presents good performance (S11 felt ¼ À41.3 dB; G felt ¼ 1.3 dBi; felt ¼ 81.8%). The AUTs correspond to dipoles, as reference antennas, although many other topologies could be considered as a future work.
